A hybrid sol-gel route which was used to fabricate PZT thick film for MEMS piezoelectric generators was investigated. (100)-oriented Pb(Zr 0.52 Ti 0.48 )O 3 thick films enhanced by ZnO nanowhiskers (ZnO w ) were successfully prepared on Pt/Cr/SiO 2 /Si substrates via spin-coating ZnO w suspension and PZT sol. The influences of film thickness on the microstructure and electrical properties of composite thick film were investigated. XRD results show that PZT composite thick films have (100)-oriented perovskite structure. SEM results show that, the surface of as-prepared (100)-oriented PZT piezoelectric composite thick film is smooth, compact and crack-free, and the cross section is clear. The composite thick films exhibit good ferroelectric, dielectric and piezoelectric properties. 2 μm-thick (100)-oriented PZT piezoelectric composite thick film has the remnant polarization intensity and coercive field of 6.7 μC/cm 2 and 92.5 kV/cm, the dielectric constant and dielectric dissipation of 1 431 and 0.44, respectively, and piezoelectric constant d 33 is calculated to be 151.0 pC/N. The composite thick film is good to meet the use of MEMS piezoelectric generators.
Introduction
With the rapid development of wireless sensor networks, wireless communication technology, MEMS technology and various small decline portable electronic products, wireless devices such as micro sensor can also be used widely. In general, the number of these components is large, the location is scattered, and the volume is small, which accordingly requests small size, high integration degree, and long life power supply [1] . As the power consumption of microsystem is gradually lowered, using environment vibration to provide energy will become a new energy form [2−4] . Piezoelectric effect of materials provides a possibility for machinery vibration generation technique. Lead zirconate titanate (PZT) with excellent piezoelectric properties is usually used as energy transformation material in piezoelectric conversion structures. Especially, PZT thick-film has been used in wide range because of its high output signal, low noise, broad operating frequency, and strong piezoelectric effect [5−7] . Sol-gel method is usually used to prepare PZT thick-film due to its good compatibility with MEMS technology, precise control of the homogeneity of composition and low cost for fabricating films with large area [8−9] . But PZT thick film prepared by the traditional sol-gel method leads to microcrack easily, which seriously affects the performance of thick film, and even causes the failure [10−11] . And the orientation of the thick film greatly influences the performance of PZT film, and perovskite phase PZT film can obtain stronger reliability and higher electrical performances if growing along with special direction [12−13] . Therefore, how to prepare dense, crack-free and high orientation PZT thick-film is a pressing problem to be solved.
WANG et al have prepared various kinds of morphology of ZnO nanostructures [14−18] , and tested the piezoelectric properties of ZnO nanowire [19−20] . ZnO nanowhiskers (ZnO w ) have been used to reinforce PZT ceramic and composite materials, and good effects are obtained [21−22] . Therefore, using ZnO w to compound PZT thick-film not only can keep good piezoelectric properties, but also can enhance the quality of PZT thick-film. In addition, transition layer is an effective method to prepare oriented PZT film [23] . In this work, (100)-oriented piezoelectric PZT thick-films on Pt/Cr/SiO2/Si substrate are prepared, and the thick films can be applied in MEMS generators.
Experimental
ZnO w were synthesized by combustion oxidation. The fine zinc powders were placed into a quartz boat in a quartz tube with the boat located at 950 °C zone without any additive. After the growth of ZnO w on the quartz boat for a period of time, the boat was taken out and cooled naturally to the ambient temperature. The flow chart for preparation of ZnO w is shown in Fig.1 . The details of preparation of PT sol and PZT sol has been described elsewhere [24] . Pt/Cr/SiO 2 /Si was used as the substrate. PZT sol is acidic, and ZnO w would be dissolved if dispersed into PZT sol. And then, ZnO w was dispersed into ethanol and mixed by ultrasonic processing to obtain ZnO w suspension. Clear PT sol was spun on the substrate and then pyrolyzed at 300 °C for 5 min and annealed at 700 °C for 2 min. (100)-oriented PT crystalline phase film was obtained to form a PT transition layer, which enhanced the adhesion to the substrate and offered a template for PZT thick-film. PZT sol incorporating PVP and ZnO w suspension were spun alternately, pyrolyzed at 450 °C for 30 min and annealed at 700 °C for 5 min. Above process was repeated until the desired thickness PZT piezoelectric composite film enhanced by ZnO w was deposited. The flow chart for the preparation of PZT piezoelectric composite thick-film enhanced by ZnO w is shown in Fig.2 . The orientation degree of film can be expressed by the ratio of the diffractive peak intensity of a certain crystal plane to the summation of diffractive peak intensity of all the crystal planes [25] . Figure 4 shows the XRD patterns of PZT thick-film enhanced by ZnO w with different thickness. Table 1 lists their peak intensity ratios. The (100)-oriented diffractive peaks of perovskite phase are observed obviously. The zinc oxide phases appear in the PZT/ZnO w composite thick-film. The (100) orientation degree of the thick-film becomes smaller with the thickness of film increasing. When the thickness of PZT thick film increases from 1.5 μm to 2 μm, (100) orientation degree slowly decreases from 81.8% to 73.8%. Due to (100) orientation of PT transition layer, the growth of PZT thick-film is influenced by PT transition layer and appears to be (100)-oriented. The thicker the PZT thick-film, the weaker the influence of PT transition layer on the PZT thick-film. So, the (100) orientation degree of the PZT thick-film gradually decreases with the thickness of film increasing. Figure 5 (a) shows SEM image of the surface morphology of PZT/ZnO w composite thick-film by spincoating three PZT sol layers on ZnO w layer. In the three layers of PZT sol far from completely coated ZnO nanowhiskers, ZnO nanowhiskers disperse in PZT film as four-leg, three-leg or rod-like shape. Compared with ZnO nanowhiskers before being dispersed into PZT film, the legs of ZnO nanowhiskers become shorter or thinner. This is because some whiskers are broken when being mixed by ultrasonic processing. In addition, PZT sol is acidic, and when PZT sol is spin-coated on ZnO w layer, ZnO w are corrupted partly. Figure 6(a) shows SEM image of the cross section morphology of as-prepared PZT/ZnO w composite thickfilm. The cross section of composite thick-film is clear and dense, and there are some fractured ZnO nanosticks and cavities. We speculate that it is related to the fracture of nanowhisker and whisker pull-out under the cracks reaching the tip of whiskers. The thickness of PZT film is about 3 µm. Dispersive X-ray spectroscopy pattern at the locations indicated with the circle in Fig.6(a) is shown in Fig.6(b) . This further proves that the white area marked with the circle is ZnO nanowhisker. Hysteresis loops of (100)-oriented PZT piezoelectric composite thick-film enhanced by ZnO w are shown in Fig.7 . The increase of thickness causes the increases of remnant polarization intensity and coercive field. 1.5 μm-thick and 2 μm-thick (100)-oriented PZT piezoelectric composite thick-films have the remnant polarization intensity and coercive field of 5.1 μC/cm 2 ，81.5 kV/cm and 6.7 μC/cm 2 , 92.5 kV/cm, respectively. Figure 8 shows capacitance−voltage curves of (100)-oriented PZT piezoelectric composite thick-film enhanced by ZnO w with different thickness. The frequency and incentive voltage are 1 kHz and 2 V, respectively. The curves both have the nonlinear "butterfly" shape. The relationship between film thickness and the dielectric constant can be explained by a low dielectric model [26−28] . This model regards the bottom electrode Pt, PZT thick film and top electrode Au as parallel plate type capacitor. The relationship between 
where C represents the capacitance, A is the electrode area, d is the thickness of PZT film, and ε 0 is the vacuum dielectric constant, which is 8.85×10
−12
. The top electrode area of PZT thick-film is 1 mm 2 . 1.5 μm-thick The tanδ−V curves of (100)-oriented PZT piezoelectric composite thick-films are shown in Fig.9 . Under zero bias, 1.5 μm-thick and 2 μm-thick (100)-oriented PZT piezoelectric composite thick-films have the dielectric dissipation tanδ of 0.43 and 0.44, respectively. Film thickness almost has no influence on dielectric dissipation. The longitudinal piezoelectric constant, d 33 , of PZT thick-film can be calculated by [29−32] .
where Q is the electrostrictive constant, which is 0.089 m 4 /C 2 , ε 0 is the vacuum dielectric constant, which is
, ε r is relative dielectric constant, and P r is the remnant polarization intensity. From Eq.(2), the piezoelectric constants d 33 of 1.5 μm-thick and 2 μm-thick (100)-oriented PZT piezoelectric composite thick-films are calculated to be 111.7 pC/N and 151.0 pC/N, respectively. The increase of film thickness improves the piezoelectric properties of (100)-oriented PZT piezoelectric thick-film.
Conclusions
(100)-oriented piezoelectric composite thick film enhanced by ZnO nanowhiskers has been successfully fabricated on Pt/Cr/SiO 2 /Si substrate by a sol-gel modified composite method. The surface of the thick film is smooth and crack-free. The cross section is dense and clear. The (100) orientation degree of the thick film becomes smaller with the thickness of film increasing. The increase of thickness improves the dielectric and piezoelectric properties of (100)-oriented PZT piezoelectric thick-film, and results in the increase of remnant polarization intensity and coercive field. 1.5 μm-thick and 2 μm-thick (100)-oriented PZT piezoelectric composite thick-films have piezoelectric constant d 33 of 111.7 pC/N and 151.0 pC/N, respectively. The composite thick film is good to meet the use of MEMS piezoelectric generators.
